ABSTRACT The backscatter of X -band marine radar is contaminated by rain, which limits the estimation of wave parameters from radar images. A new method is proposed to correct the influence of rain on the gray level radar image, based on 1-D complex continuous wavelet transform. First, a suitable scale parameter is derived from the modulus of Gaussian wavelet coefficient, and then the wave crests are detected from the phase of the wavelet coefficient. Second, the gray levels of wave troughs are set to be a minimal constant, and the other gray levels are linearly interpolated for each radial. The method is validated by comparing the significant wave heights measured by buoy with those retrieved from X -band marine radar image sequences, the correlation coefficient and the root-mean-square error between them are 0.85 and 0.42 m with the correction of rain, which increases 0.34 and reduces 0.34 m compared with those estimated without the correction, respectively. The recognition of rain from gray level radar image and the limitations of the method are discussed.
I. INTRODUCTION
Wave is ubiquitous in the ocean. The routine monitoring of waves is of great interest to marine activities and scientific research. In-situ measurement such as buoy has long been used for the measurement of waves, but they can only provide the wave information at fixed locations. Due to its high spatial and temporal resolutions, X-band marine radar has been used in the observation of sea surface features, such as waves [1] , currents [2] , [3] , winds [4] , [5] , bathymetry [6] and tides [7] .
X-band marine radar observes the sea surface at low grazing angles. Small capillary waves interact with the incident radar energy through Bragg scattering, which is in turn modulated by long gravity waves through various modulation mechanisms [8] . This results in radar image with alternating bright and dark stripes, which correspond to the ocean surface maxima with certain phase differences [8] . Several algorithms have been proposed to estimate wave parameters from X-band marine radar image sequence, such as the three-dimensional fast Fourier transform [1] , [9] , [10] , the two-dimensional wavelet transform [11] and the empirical orthogonal function (EOF) analysis [12] , [13] . Since X-band marine radar image is not calibrated, the significant wave height (SWH) has to be determined by comparing with in-situ measurements [9] , [12] , [13] . To overcome this problem, several approaches have been developed to estimate the SWH [14] - [16] . For instance, one approach was to derive the shadowing information of radar images, which requires accurate geometric information on the deployment of the radar system [16] - [18] ; the other approach was to extract the main wave field by EOF analysis, and then the SWH can be estimated according to the random ocean wave theory [19] .
Although the observation of ocean waves by X-band marine radar is shown to be useful under rainless weather conditions, it is greatly affected by rain. Under rainy conditions, the X-band microwave is scattered and attenuated by rain drops in the atmosphere, and the sea surface roughness is changed by rainfall, so the radar backscatter of ocean waves is blurred [20] . Under rainy conditions, the sea surface parameters estimated from X-band marine radar are usually excluded as abnormal values [4] , [17] , [18] , or they have to be estimated by the algorithms different from rainfree conditions [21] , [22] . To recognize the rainy conditions from X-band marine radar image, different statistics of the gray level images were used [4] , [21] . However, the thresholds of the statistical parameters are difficult to be determined because they are dependent on the radar systems [4] , [17] , [18] .
In this study, a method is developed to correct the influence of rain on X-band marine radar image, and then the SWH is derived [19] . The method is based on complex continuous wavelet transform (CWT), and it is applicable for light and moderate rains. This paper is organized as follows. The method to correct the influence of rain on the radar image is proposed in Section II. The experiment and the evaluation of the proposed method are given in Section III. The possible limitations of the proposed method are discussed in Section IV. Finally, a summary is given in Section V.
II. METHOD
In this section, the gray level X-band marine radar image that blurred by rain is analyzed, and a method to correct the influence of rain is proposed. Then the SWH is retrieved from radar images by the self-calibration method [19] .
A. THE INFLUENCE OF RAIN ON X-BAND MARINE RADAR IMAGE
To study the influence of rain on X-band marine radar image, two radial gray levels that were acquired under different rainy conditions are selected, as shown in Table 1 and Fig. 1 . The wave parameters in Table 1 indicate that the two X-band marine radar images were acquired under similar sea states. It can be seen from Fig. 1(a) that when there is no rain, i) there are distinct peaks that change periodically in the radial, resulting from the backscatter of the sea surfaces that close to the wave crests; ii) there are troughs between neighboring peaks, which are mainly caused by the shadowing of wave crests under low grazing incidence angles [23] . In addition, the gray levels of the wave troughs are close to 0. Fig. 1(b) shows that the radial gray levels under rainy conditions are very different. i) There are several distinct peaks in the radial, while the other peaks are difficult to be distinguished from their surroundings; ii) most of the gray levels vary in the interval of 50-100, and there is merely wave trough in the radial. This is because the microwave was scattered by rain drops in the atmosphere [20] , so the radar backscatter from sea surface was blurred.
Therefore, the influence of rain on each radial of X-band marine radar image can be reduced as follows. Firstly, the wave crests are detected; secondly, the locations and gray levels of wave troughs are estimated; thirdly, the other gray levels are interpolated. It is noted that the wave crests and wave troughs refer to the image intensity maxima and minima for simplicity here, although they deviate with certain phase differences [8] .
B. CORRECTION OF THE INFLUENCE OF RAIN ON GRAY LEVELS
Continuous wavelet transform (CWT) is widely used in the non-stationary signal analysis, it realizes a mutliresolution and spatial localization of the signal, and it is very resistant to noise [24] . To detect the wave crests from the gray levels that blurred by rain, complex CWT is used because it provides both phase and modulus of the wavelet coefficients.
For a signal x(t), the CWT is defined as [25] ,
where a is the scale parameter, b is the translation parameter, t stands for time, ψ(t) is the mother wavelet, and * represents operation of complex conjugate. In this study, the complex Gaussian wavelet is used,
where c is a constant that establishes ψ(t) 2 = 1.
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The modulus and phase of the complex wavelet coefficient W x (a,b) are expressed as,
and
where Re(·) and Im(·) are the real and imaginary parts of a complex number. The peaks of the radial gray levels are detected as follows. Firstly, the average of the modulus A(a, b) with respect to a is defined as,
where b max and b min are the maximum and minimum of the translation parameter. Secondly, a best suitable scale parameter a s is obtained from the maximum of Eq. (5), and the corresponding phase can be expressed as,
The peaks of the phase (Eq. (6)) can be detected by the first-order derivative operation [24] . It is found that the wave crests coincide with the peaks of phase, so the wave crests are identified accordingly.
The locations of the wave troughs are taken to be the center of neighboring wave crests. Because the gray levels of wave troughs are small, they are taken to be a minimal constant of 1 here. After determining the wave crests and wave troughs, the gray levels between each pair of neighboring wave crest and wave trough are approximately estimated by linear interpolation. Then the radial gray levels are corrected, and the SWH is retrieved by the self-calibration method [19] .
C. DETECTION OF RAIN IN X-BAND MARINE RADAR IMAGE
To recognize rain from X-band marine radar image, several indicative parameters have been proposed by using different statistics of radar images [4] , [21] . However, the parameters are dependent on the X-band marine radar system, i.e., the threshold that distinguishes rain and rainless conditions are different for different radars. For instance, the zero pixel percentage was used in [4] , [17] , and [18] , but the threshold was chosen to be 50% in [4] , while they are 10% and 20% for two other radar systems in [17] and [18] .
In this study, the skewness of the gray levels of an X-band marine radar image is used to recognize the rainy condition. A threshold of 0.55 is chosen, i.e., the skewness of the gray levels is less than 0.55 if the radar image is contaminated by rain, otherwise the skewness is greater than 0.55. As it will be shown in Section III-D, the proposed method to retrieve SWH from X-band marine radar image sequence is applicable to both rainy and rainless conditions, so the threshold has little influence on the method. The flowchart of the method to estimate wave height from X-band marine radar image sequence under rainy condition is shown in Fig. 2 .
III. EXPERIMENT AND RESULT
In this section, the experiment and data are illustrated, the rainy conditions are classified, and the proposed method to correct the influence of rain on X-band marine radar image is validated.
A. EXPERIMENT An experiment was carried out on the coast of Guangdong, China (Fig. 3) , from October 16, 2016 to October 24, 2016. An X-band marine radar system was set up on the top of a building, which was about 15 m above sea level and 50 m away from the shoreline. A pitch-and-roll wave buoy was deployed about 2000 m from the radar station, at the azimuth of 140 • .
The X-band marine radar system was developed based on a commercial Sperry R X-band radar, and the configurations are shown in Table 2 . The azimuthal resolution of the radar is 1.3 • and the range resolution is 7.5 m. A dedicated analog-to-digital converter card was used to convert the radar sequence. As an example, one gray-level image is shown in Fig. 4 , which clearly reveals that the wave propagated from southeast to northwest towards the shore.
The buoy recorded the sea surface for 20 min every hour, and then output the wave parameters hourly, including the SWH, peak wave direction, peak wave period, and so on. The measurement ranges and accuracies of the SWH are 20 m and 1%. During the experiment, there were 134 hours of observations collocated with those of X-band marine radar. The SWH varied from 0.4 to 2.77 m, and the wave directions were mainly from southeast to northwest. Besides, there was no rain gauge in the experiment, but the meteorological administration recorded that there were light to moderate rain from October 17 to October 19, 2016 .
The study region is selected to be 720-2640 m in radial. According to the self-calibration method [19] , the azimuthal regions are selected from θ peak -20 • to θ peak + 20 • every 5 • , where the peak wave direction θ peak is retrieved from X-band marine radar image sequence. For example, the green dotted lines in Fig. 4 show the radials that were used to derive the SWH from this radar image sequence.
B. CLASSIFICATION OF RAINY CONDITION
Because there was no in-situ measurement of rain rate in the experiment, the rainy conditions are classified into three levels according to the blurriness of X-band marine radar images. The rain levels are classified as follows, i) Level 1 ( Fig. 5(a) ): the radar image is slightly blurred by rain, and the wave crests and troughs are distinct; ii) Level 2 ( Fig. 5(c) ): the VOLUME 5, 2017 radar image is moderately blurred by rain, the wave crests can be seen while the troughs cannot; iii) Level 3 ( Fig. 5(e) ): the radar image is heavily blurred by rain, and the wave crests and troughs can hardly be identified.
C. CORRECTING THE INFLUENCE OF RAIN
To illustrate the method to correct the influence of rain on X-band marine radar image, the radial in Fig. 1(b) (i.e., the radial at the azimuth of 133 • in Fig. 5(c) ) is taken as an example here. By analyzing the radial gray levels using complex CWT (Section II-B), the wavelet coefficients are obtained. In this study, the scale parameter a is chosen to be 1-64. Fig. 6(a) shows that the phases of the wavelet coefficients change periodically with the transition range b, and the periods are small at small scales while they are much larger at large scales. Fig. 6(b) shows that the average modulus increases from scale 1 to scale 20, and then decreases from scale 20 to scale 64, so the best suitable scalea s is chosen to be 20 for the radial. The phase of the wavelet coefficient at this scale changes with a period of about 100 m (Fig. 6(c) ), and the peaks can be detected according to the first-order derivative of them. Although there are only few peaks are distinct in the original gray levels (e.g., 0.8, 1.3, 1.68, 1.8, 2.3 and 2.5 km in Fig. 1(b) ), the detected peaks coincide well with the wave crests in Fig. 5(c) , so the complex Gaussian wavelet is suitable to be used in the detection of wave crests from X-band marine radar image blurred by rain.
After detecting the wave crests of the radial gray levels, the locations of wave troughs are taken to be the center of neighboring wave crests. The gray levels of the wave troughs are set to be 1, then the gray levels of other locations are obtained by linear interpolation, as shown in Fig. 7 . The black line shows that the variation of the corrected gray levels is similar to that without rain ( Fig. 1(a) ).
Besides, it may be more intuitive to approximate the gray levels between each pair of wave crest and wave trough with a sinusoidal function, as shown by the red dashed line in Fig. 7 . There is small difference between the gray levels interpolated with linear function and those interpolated with sine function. Fig. 5(b) , (d) and (f) show the corrected gray level radar images under three rainy conditions. Under the rainy conditions of Level 1 and Level 2, the corrected radar images track well the wave patterns of the original X-band marine radar images, while the blur that caused by rain is removed. This is because the bright stripes of the original radar image are distinct, thus the wave crests can be detected by complex Gaussian wavelet. Under the rainy condition of Level 3, the wave crests can hardly be identified from the original radar image, so there is little wave pattern in the corrected image.
D. RESULT
By using the self-calibration method [19] , the SWH can be retrieved from X-band marine radar image sequence, as shown in Fig. 8 . The blue dotted line shows that the SWH are underestimated during rainy condition (e.g., in the hours of 19-66). After correcting the influence of rain (the black solid line), the SWH estimated from radar images coincide well with those measured by buoy in the hours of 19-38 and 51-66, although they are still underestimated in the hours of 39-50. Fig. 9 shows that the correlation coefficient (Corr) between the SWH measured by buoy and those retrieved from the original radar images is 0.51, and the root-mean-square error (RMSE) between them is 0.76 m. After correcting the influence of rain, the correlation coefficient and RMSE between the SWH measured by buoy and those retrieved from radar images are 0.85 and 0.42 m. Therefore, the proposed method is reasonable to correct the influence of rain on X-band marine radar image.
Moreover, the proposed method is also applied to the radar images without rain (i.e., in the hours of 1-18 and 67-134). Comparing the SWH measured by buoy and those retrieved from X-band marine radar image sequences, the correlation coefficient and RMSE between them are 0.42 and 0.36 m without correction, while they are 0.57 and 0.32 m after correcting the images by using the proposed method, respectively. Therefore, the proposed method is suitable for both rainy and rainless conditions. Besides, the correlation coefficients are relatively small because the sea states were low during this time (i.e., most of the SWH were 0.4-1 m), so the radar backscatter from sea surface were weak, which limits the estimation of SWH from radar images.
To show the detectability of rain in radar images by the method in Section II-C, the skewness of gray levels of the X-band marine radar image sequences is shown in Fig. 10 . Because there was no rain gauge, the rainy conditions are classified according to the criterion in Section III-B. By choosing the threshold of 0.55, the rainy conditions of Level 2 and Level 3 are all detected, while parts of the rainy condition of Level 1 are misidentified. Since the proposed Fig. 8 , while it is 268 in Fig. 10 for the same time period, because the buoy worked hourly, while the radar worked every 30 minutes.
method is applicable to both rainy and rainless conditions, the threshold has little influence on the estimation of SWH from X-band marine radar image sequence.
IV. DISCUSSION
In this section, several possible limitations of the proposed method are discussed.
One limitation of the proposed method is that there may be large error for multimodal seas. In Section II-B, after detecting the locations of wave crests, the locations of troughs are taken to be the center of neighboring crests, and the gray levels between each pair of neighboring crest and trough are linearly interpolated. This may not be true for multimodal seas, where the wave crests and wave troughs are crossed. The EOF method can be used to distinguish different ocean wave components from X-band marine radar image sequence [12] , [13] , but it may be influenced by rain, especially for the wave components with small contributions to the wave field.
The other possible limitation of the proposed method is the selection of study area. According to the self-calibration method [19] , the radials that close to the direction of wave propagation are used in Section III, i.e., the radials that deviate less than about 20 • from the peak wave direction. If the field of view of the radar deviates far from the wave propagation direction, large errors may occur.
In addition, Fig. 8 and Fig. 10 show that the errors in the hours of 39-50 are possibly caused by large rain rate, so the rain rate during this time may be the upper limit of rain rate for the proposed method.
V. SUMMARY
The sea surface backscatter of X-band marine radar is affected by rain, which causes fairly uniform gray levels in the radar image, so the sea clutter is greatly reduced VOLUME 5, 2017 and the observations under rain are often disregarded as abnormal values. However, under light and moderate rains, the bright stripes are distinct in the gray level X-band marine radar image, so a method is proposed to correct the influence of rain on X-band marine radar image. The method is based on one-dimensional CWT, with the complex Gaussian wavelet as the mother wavelet. It is shown that the complex Gaussian wavelet is applicable to detect the wave crests from the radial gray levels that blurred by rain. After correcting the influence of rain, the correlation coefficient between the SWH measured by buoy and those retrieved from radar images increases 0.34, and the RMSE between them decreases 0.34 m, which show that the proposed method is helpful to reduce the influence of rain on X-band marine radar.
Moreover, the SWH is retrieved from X-band marine radar image sequence by using the self-calibration method [19] , which doesn't require external calibration. The result also indicates that the self-calibration method based on EOF analysis is applicable for different X-band marine systems and different sea areas, although the error may be large for low sea states.
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